Abstract-A simple and analytical design methodology for a novel planar four-port structure to implement power divider (PD) or balun with variable power division is proposed in this paper. It consists of two different 3 dB branch-line couplers and one coupled-line phase shifter whose length can be changed to implement variable power division. Different from the previous designs, the power divider and balun with variable power division can be realized in only one circuit by changing the electrical length θ 0 of the coupled line when the impedance ratio g is selected. According to the ABCD parameters and linear algebra calculation, closed-form mathematical equations for the circuit electrical values and scattering parameters can be obtained. A prototype with this proposed circuit, operating at 2 GHz, has been designed and fabricated using microstrip technology. Good agreements between the calculated and measured results verify our design.
INTRODUCTION
Power divider (PD) is widely applied in the RF/microwave power amplifiers, the front end of the antennas, many kinds of test equipment and other modern microwave or millimeter-wave engineering, because of its convenient design and good performance. It can be matched at all ports and provide perfect isolation between output ports [1, 2] . This kind of PD can be realized with coaxial cable, microstrip line, and coplanar waveguide and so on. Different from the traditional equal PD, the unequal PD, which is available in the form of lumped-element or distributed designs, has been used with strict restrictions in design and fabrication because it requires a microstrip line with very high characteristic impedance. For example, a N : 1 (N 4) Wilkinson PD requires more than 130 Ω microstrip line which cannot be realized by the conventional microstrip structure [3] . In practice, the characteristic impedance of a realizable microstrip has its limitation which is usually lower than 130 Ω. Therefore, it is hard to realize N : 1 (N 4) power ratio by using the conventional microstrip Wilkinson PD structure.
To overcome this shortcoming, some new types of unequal Wilkinson PDs with high power division ratio were proposed. The methods are mainly summarized as follows: the microstrip line with Defected Ground Structure (DGS) patterns [4] [5] [6] [7] [8] , double-sided parallel-strip lines (DSPSL) [9] [10] [11] , composite right left-handed transmission lines (CRLH-TLs) [12] [13] [14] , a two-port filtering structure connected to a circulator [15, 16] and other methods [17] [18] [19] .
The microstrip line with DGS patterns in the ground plane was used to increase the characteristic impedance by etching off a certain defected pattern from ground plane. A 4 : 1 unequal Wilkinson PD, which uses the microstrip line with the DGS, was designed in [7] . An unequal 1 : N Wilkinson PD with variable power dividing ratio, which is composed of the conventional Wilkinson PD structure, rectangular-shaped DGS, was designed in [8] . However, the design procedure is relatively complex and there is no general analytical methods. Moreover, DSPSL [9] [10] [11] can realize high impedance by offsetting the top and bottom strips, which cannot be achieved by using other conventional transmission lines such as microstrip line due to its fabrication limitation. For example, a novel 5 : 1 unequal Wilkinson PD using the offset DSPSL was proposed in [10] . CRLH-TLs [12] [13] [14] , which are implemented by loading a conventional RHTL with series capacitance and shunt inductance, are artificial structures. In addition, the ground layer is needed in both DGS and DSPSL, which will affect other layers in multi-layer boards. CRLH-TLs are designed to exhibit some special properties that are not available when using conventional transmission lines. In [12] , a dual-band equal 1 : 4 series PD and an unequal divider with a power dividing ratio of 1 : 2 : 2 : 1 were designed based on the CRLH-TLs and nonradiating CRLH-TLs. [15, 16] provided a novel type of power divider, featuring arbitrary power ratio and arbitrary ripple level. Other methods [17] [18] [19] , such as using shunt stubs [17] , using coupled lines with two shorts [18] , using a microstrip line with a periodic shunt open stub to achieve low-impedance lines [19] , were also adopted to design unequal PD with high power-dividing ratio.
In this paper, a novel four-port circuit structure for implementing PD or balun with variable power division, which is suitable for microstrip printed circuit board (PCB) realization, is proposed. The difference from the previous unequal PD or balun is that the circuit consists of two different 3 dB branch-line couplers and one phase shifter whose length can be adjusted to implement variable power division when the impedance ratio g is seclected. This proposed four-port circuit structure is expected to exhibit several advantages including: 1) arbitrary power division ratio; 2) easy adjustment only by changing the length of the coupled line when g is selected; 3) inherent impedance transforming function; 4) ideal all ports matching; 5) perfect isolation between the two output ports; 6) analytical design equations for circuit electrical parameters and scattering parameters; 7) planar structure and easy realization in common microstrip technology. In Section 2, the proposed circuit structure and the design theory are derived by using the ABCD parameters and the linear algebra calculation. The scattering parameters are given at last. For discussing the influence of the circuit parameters, the electrical length θ 0 and the impedance ratio g of the coupled line are discussed in Section 3. The experimental microstrip circuit prototype has been fabricated and measured. The consistency between calculated and measured results validates this proposed circuit structure in Section 4. A conclusion is presented in Section 5.
THE PROPOSED CIRCUIT STRUCTURE AND DESIGN THEORY
The circuit configuration of the proposed four-port circuit structure is shown in Figure 1 . It is an asymmetric circuit terminated by equal real impedance R s for both the port 1 (input port) and port 4 (isolation port) on the left side. This circuit has the same impedance R L in ports 2 and 3 (output port) on the right side. This circuit essentially includes two different 3 dB branch-line couplers and one phase shifter. It can be easily seen that this circuit has internal impedance transforming performance. To analyze this circuit clearly, three parts are divided as follows. Figure 2 shows the schematic of the traditional 3 dB branch-line coupler with the equal real impedance R 1 at the left side and R 2 at the right side. Moreover, left (right) branch has the characteristic impedance of Z 1 (Z 3 ) and electrical lengths of θ 1 (θ 3 ). Meanwhile, the characteristic impedance of the transmission line located at the center place is Z 2 , and the corresponding electrical length is θ 2 . In order to simplify the analysis process, θ 1 = θ 2 = θ 3 = 90 • are chosen. In fact, the 3 dB branch-line coupler has the same circuit structure with [20] and has the same analysis methods. Here just lists the analysis results:
The 3 dB Branch-line Coupler
The scattering parameters of the 3 dB branch-line coupler are:
where a i and b i denote the incident and reflected wave of the port i, (i = 1, 2, 3, and 4).
The Coupled-line Phase Shifter
The phase shifter in Figure 3 is composed of the parallel-coupled lines with the same electrical lengths which are connected at one end [21] . The analysis have been given in [21] and here just list some results.
The scattering parameters are:
where the phase shifter ψ is defined by: 
Analysis of the Proposed Circuit Structure
In order to analyze the proposed circuit clearly, the corresponding diagram of this circuit is illustrated in Figure 4 .
According to Equation (2), the scattering parameters of the 3 dB branch-line couplers 1 and 2 can be obtained as follows:
According to Equation (4), the relationships between the incident and reflected wave are:
(7d) After some linear computation, the final scattering parameters at the operating frequency can be achieved by solving the Equations (6), (7) 
It can be clearly seen that the equation |S 21 | 2 + |S 31 | 2 = 1 indicates the energy conservation. The power division ratio K = |S 21 | 2 /|S 31 | 2 can also be obtained from the Equation (8):
From Equation (9), it can be observed that the power division ratio K, which can be adjusted by changing the electrical length θ 0 and the impedance ratio g of the coupled line, can be equal to any real numbers at the operating frequency, indicating that the arbitrary power division ratio can be obtained using this proposed circuit structure. The arbitrary power division ratio K will be discussed in Section 3.1 specifically.
In addition, the following can be obtained from the Equations (8), and (9): (10) is the theoretical support of implementing PD or balun with variable power division by adjusting the electrical length θ 0 and impedance ratio g of the coupled line. 
ANALYSIS OF THE CIRCUIT ELECTRICAL PARAMETERS
Based on the previous theoretical investigation, the closed solutions of the proposed circuit and the scattering parameters are obtained. For a given set of circuit values (R s , R L , g, and θ 0 ), other unknown values can be easily calculated. The next step is to discuss the effect of electrical length θ 0 and the impedance ratio g of the coupled line to the power division ratio K.
3.1. The Discussion about the Electrical Length θ 0 and Impedance Ratio g
The advantage of this proposed circuit structure is that it can realize the PD or balun with variable power division K in only one circuit by adjusting the electrical length θ 0 and the impedance ratio g of the coupled line. Figure 5 illustrates the phase difference between the output ports 2 and 3, the scattering parameters of the output ports, the power division K = |S 21 | 2 /|S 31 | 2 when θ 0 varies from 0 • to 180 • and the impedance ratio g is equal to 1.1, 1.4, and 1.7, respectively. When θ 0 varies from 0 • to 90 • , the phase difference between port 2 and 3 are −180 • which can be used to realize a balun. The power divider can be realized when θ 0 is between 90 • and 180 • . This conclusion can also be verified from the Equation (10). Figure 5 (c) illustrates the power division K can be arbitrary when the electrical length θ 0 varies from 0 • to 180 • . The value of g has a little effect on the scattering parameters and the power division. Moreover, the influence of g will be discussed in the Section 3.4. Table 1 
with 90 • phase shift. Note that the port 2 is not a throughout port and no energies are transferred to port 2 in this case. Similarly, all energies, which are from the port 1, are transferred to port 2 totally with −180 • phase shift and no energies are transferred to port 3 when the electrical length θ 0 is equal to 90 • . Figure 6 . Figure 6 shows the balun has the good port match S 11 = 0, S 41 = 0, the perfect isolation parameter S 23 = 0 at the operating frequency. From Figure 6 , the output scattering parameters and the power division K at the operating frequency in these three examples are concluded in Table 2 . From Table 2 , when θ 0 is equal to 30 • , 60 • , and 80 • , respectively, and the power division K is equal to 0.3030, 2.7273, and 29.2395 correspondingly, which indicates that the power division can be decided by the θ 0 when g is selected. The phase difference between the output port means that the circuit is a balun.
The Research of the Balun Realization
Note that the scattering parameters can be seen from Figure 5 (b), and the power division K can be seen from Figure 5 Figure 7 , the output scattering parameters and the power division in these three examples are concluded in Table 3 . From Table 3 , when θ 0 is equal to 110 • , 140 • , and 70 • , respectively, the power division K is equal to 6.8620, 0.6401, and 0.0283 correspondingly, which indicates that the power division can be decided by the θ 0 when g is selected. The phase difference between the output port means that the circuit is a power divider.
Note that the scattering parameters can be seen from Figure 5 (b), and the power division K can be seen from Figure 5(c) . The different power division K can be obtained by changing the electrical length θ 0 of the coupled line.
The Influence of the Impedance Ratio g of the Coupled Line
For observing the effects of the impedance ratio g of the coupled line, Table 4 lists the design parameters (Z e1 , Z o1 ) of the three examples (7, 8, 9) with different impedance ratio g. It is assumed that these three examples operate at 2 GHz. Other parameters are R s = 60 Ω, R L = 60 Ω, Z 1 = 60 Ω, Z 2 = 38.7298 Ω, Figure 8 illustrates the calculated scattering parameters of this proposed circuit, which are based on lossless coupled-line model. From Table 4 and Figure 8 , it can be observed that with the increase of the characteristic impedances, the power division change a little. From Table 4 , when g is equal to 1.1, 1.4, and 1.7, respectively, the power division K is equal to 0.1204, 0.0946, and 0.0779 correspondingly, indicating the alteration of g affects little to the power division and the scattering parameters. The g can be chosen to be 1.4 after taking the practical realization into consideration. Note that the scattering parameters can be seen from Figure 5 (b) and the power division K can be seen from Figure 5 (c).
EXAMPLES
The design theory and parameter analysis of this proposed circuit have been explained in Sections 2 and 3. To verify our proposed idea experimentally, an example with θ 0 = 40 • , g = 1.4 is designed, fabricated, and measured in this section. The F4B substrate with a relative dielectric constant of 2.65 and a thickness of 1 mm is used. According to the previous analysis, the following initial electrical parameters of the balun are calculated and summarized as follows: (1, 4) and the circuit, and Z l (63.2456 Ω), which is between the output ports (2 and 3) and the circuit, are adopted to realize port impedance transformation to 50 Ω.
In addition, the operating frequency of this example is 2 GHz. The above-layer circuit trace layout of the proposed circuit structure with defined dimension parameters is shown in Figure 9 . Figure 10 illustrates the top view of the fabricated microstrip circuit. The physical circuit parameters are listed in Table 5 . The method of putting elbows in Figure 9 is to reduce the coupling between the microstrip line Z 3 and Z 6 .
The measured results are obtained by using Agilent N5230C network analyzer. The calculated and measured results are illustrated in Figure 11 . Figure 11 shows the high isolation between the port 2 and port 3. Figure 11(b) . The difference between the calculated and measured results may be caused by approximate physical dimensions of the microstrip lines, loss characteristic of the F4B substrate, etc.. It can also be observed that the phase difference between the port 2 and the port 3 is −180 • in the calculated curve and −185.24 • in the measured curve. The phase difference shows that the circuit is a balun. The measured results verify our design.
Based on the investigation on the proposed circuit, a simple design procedure can be summarized as follows. can be selected to be 1.4. According to Equation (9) and Figure 5 , the electrical length θ 0 will be determined. Use θ 0 and g to calculate the scattering parameters S 21 , S 31 at the operating frequency using Equation (9). 4) Use the analytical Equation (1) to determine other unknown parameters Z i , (i = 1, . . . , 6). Use the Equations (3), and (5) to determine the values of Z e1 , Z o1 . Note that all the impedance values are larger than 20 Ω and less than 120 Ω. 5) Convert all the electrical parameters to the physical dimensions, and simulate the total scattering parameters by using lossless transmission lines. The circuit layout can refer to Figure 9 . Note that all the width of the microstrip line are larger than 0.1 mm. 6) Tune the physical dimensions including w i , l i , (i = 1, . . . , 6) , cw 1 , cs 1 , cl 1 to obtain the correct scattering parameters S 21 , S 31 and phase difference between the output ports 2 and 3. If other power division K is needed, just tune the value of cl 1 to obtain the appropriate scattering parameters S 21 , S 31 and phase difference.
To demonstrate the advantage of this proposed circuit, the comparison is illustrated in the Table 6 . Table 6 . The comparison of this proposed circuits with others.
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